The absorption of phosphorus (P) contained in several feed ingredients by rainbow trout was compared during the growing stages of the fish. The ingredients tested were pollock meal, sardine meal, poultry feather meal (PFM), meat and bone meal (MBM), defatted soybean meal (SBM), soy protein concentrate (SPC), corn gluten meal (CGM), and defatted soybean meal extruded at 150∞C (exSBM). Phosphorus absorption was determined for fish of sizes 2 g, 5 g, 10 g, 20 g, 50 g, 100 g, and 200 g. Absorption of P from the two fishmeals slightly decreased as bodyweight increased. Conversely, P absorption from PFM and the plant ingredients was very low by the 2 g fish, but increased during the early growth stages and seemed to have reached a plateau in fish bigger than 10 g. Absorption from exSBM was much higher than that from SBM at all bodyweights examined. Phosphorus absorption from the different ingredients were: pollock meal 31-46%; sardine meal 49-59%; MBM 36-46%; PFM 36-84%; SBM 3.4-37%; exSBM 25-58%; SPC 3.7-34%; and CGM, 0-17%. The results demonstrate that, depending on the ingredient P absorption in rainbow trout changes as the fish grows. Extrusion cooking at 150∞C improved the availability of P in SBM.
INTRODUCTION
Phosphorus (P) is the most important mineral required by fish, as its requirement is higher than that of other minerals. If the diet is not sufficient in available P, fish easily show deficiency signs such as poor growth and bone deformity. 1 However, it has also been reported that an excess amount of dietary P inhibits zinc utilization. 2 Alternatively, P (as well as nitrogen) is considered to be a major factor of eutrophication in aquacultural environments; hence, it is desirable that excretion of P from cultured fish is kept at a minimum level. This would be possible only if the amount of dietary P is regulated so that it is close to the amount required.
Absorption and availability of P contained in feed ingredients for rainbow trout have been reported by several researchers. 1, [3] [4] [5] [6] [7] However, some differences exist in the values obtained, depending on the fish size used in the determination. Thus, the present study was conducted to determine whether the size of fish affects the absorption rates of dietary P sourced from a range of plant and animal-based feed ingredients fed to rainbow trout of different sizes during the early growing stages. A trial was also conducted to examine whether or not the availability of P in defatted soybean meal (SBM) could be improved by extrusion cooking.
MATERIALS AND METHODS
Feed ingredients chosen for determining the apparent absorption of P were pollock meal, sardine meal, poultry feather meal (PFM), meat contained the other test ingredients at 300 g/kg as well as denatured egg albumin, which was prepared by boiling egg albumin for 5 h with hot ethyl alcohol to inactivate the avidin. 9 Denatured egg albumin was included so as to make the diets isonitrogenous and to enhance the palatability of those diets containing alternative protein sources. The denatured egg albumin contained only negligible amounts of phosphorus and other minerals. Mineral premix was not supplemented in the experimental diets in order to avoid interactions in mineral utilization. In this context it should be noted that the duration of the feeding experiment to collect feces was not considered to be long enough to induce mineral deficiencies. Chromic oxide was included at a level of 5 g/kg as an inert indicator for determining absorption. Crude protein content in the experimental diets containing animal protein sources ranged between 400 g/kg and 420 g/kg, with the exception of MBM. The and bone meal (MBM), SBM, soy protein concentrate (SPC), corn gluten meal (CGM), and extruded SBM (exSBM). The exSBM was prepared by extruding the ingredient at a material temperature of 150∞C; the precise conditions for extrusion were the same as those described in a previous paper. 8 Proximate composition, P, and phytic acid contents of the ingredients used in the present study are shown in Table 1 . The data corresponded with a previous study that we conducted, 8 the exception being exSBM. Phytic acid in exSBM was degraded by 35% compared with that present in the original SBM due to the high temperature (150∞C) of extrusion. 8 Formulation of the experimental diets shown in Table 2 was such that the P absorption could be determined directly from the test diet. Diets 1 and 2 were formulated with the two kinds of fishmeal (each comprising 600 g/kg) as the main ingredient to determine P absorption. The remaining diets 326
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S Satoh et al. remaining diets had a lower protein content, ranging from 330 g/kg to 370 g/kg. Phosphorus content in those diets containing fishmeal or MBM was 14-18 g/kg, and P content in those diets containing plant protein sources or PFM was quite low, being 1.1-2.6 g/kg. The former diets satisfied the P requirement of rainbow trout, whereas the latter ones did not. Rainbow trout Oncorhynchus mykiss were used as the experimental fish. Eyed eggs were obtained from the Okutama Branch of Tokyo Fisheries Experiment Station and hatched at the Laboratory of Fish Nutrition, Tokyo University of Fisheries. Fry were kept on a commercial rainbow trout diet until the fish grew to the designated sizes. When rainbow trout reached approximately 2 g, 5 g, 10 g, 20 g, 50 g, 100 g, and 200 g, feces collection was carried out with the Tokyo University of Fisheries (TUF) feces collector. 10 The system permitted collection into a large test tube within a minute of being expelled by the fish. Even though soluble phosphorus in the feces might have leached into the unstirred water phase, feces together with unstirred water were collected and freeze-dried to avoid any possible errors due to leaching. Fish were fed the experimental diets for four days as preliminary feeding to wean the fish to the test diets. On the evening of the fifth day, feces collectors were fixed for collections to be made during the night. This process was continued until a sufficient amount of feces for analysis was collected. The preliminary feeding and feces collection were repeated twice to obtain duplicate measurements per treatment (ingredient) for each fish size. In the first trial, the experimental diets were assigned randomly to the fish tanks. Using the same set of fish, the experimental diets were again reassigned randomly for the following round. The experimental conditions are presented in Table 3 .
Mineral concentration in ambient water is shown in Table 4 . P concentration was considered to be negligible for determination.
Preparation of analytical samples, the determination of proximate compositions, P, chromic oxide, and phytic acid contents of the test diets, feces, and feed ingredients were the same as in previous reports., [9] [10] [11] Absorption of P from feed ingredient was calculated using the formula:
The data obtained in this experiment were processed and analysed using the Microsoft Excel ® software.
RESULTS
The absorption of P from several ingredients during the different growing stages is summarized in Table 5 . Phosphorus absorption from animal sources was generally higher than that from ingredients of plant origin. Absorption from pollock meal was slightly lower in the larger fish and vice versa (ranging between 30.9% and 45.5%). Sardine meal also showed the same trend, absorption values being 59.4% for the 2 g fish and 48.6% for the 200 g fish. Comparing the two fishmeals, the absorption from sardine meal was significantly higher than that from pollock meal for the varioussized groups examined. This could be because of the higher amount of soluble P in the former Absorption % Cr O in diet % Cr O in feces % P in feces % P in diet % 
Observations made in the present study were compared with those reported by other investigators who have also used fish of various sizes ( Table 6 ). Absorption of P from pollock meal was found to be similar to the values reported by Yamamoto et al., 6 but not similar to those reported by Ogino et al. 1 Phosphorus absorption from sardine meal in the present study was higher than that reported by Riche and Brown, 5 but was lower than that of Ogino et al. 1 As for anchovy meal, which was not evaluated in the present study, P absorption was calculated on the basis of the equation obtained for sardine meal (equation 3), and was found to be very close to the value obtained by Sugiura et al., 7 but was relatively higher than that of Riche and Brown. 5 Sardine and anchovy meals are known to be produced by several methods. For . . fishmeal, being attributable to differences in the processing and composition of the meals. Pollock meal is generally an ordinary type meal, whereas sardine meal is a whole meal type. For the remaining sources, P absorption from MBM appeared to be independent of fish size as it varied little, ranging from 35.8% to 46.0%. Absorption of P from PFM and the plant ingredients was very low for the 2 g fish but increased with increasing bodyweight, the rates seeming to stabilize in fish larger than 10 g. Absorption from exSBM was much higher compared with its unextruded form for all fish sizes examined.
DISCUSSION
The relationships between P absorption from each feed ingredient and bodyweight of the rainbow trout are shown in Figs 1-3. Data obtained for the different-sized groups were processed using the Microsoft Excel ® program to obtain the following equations, which represent the relationship more accurately; x is the bodyweight of fish in grams, and y is the P absorption in percentage. . .
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S Satoh et al. instance, fish solubles may have been restored to the meal or perhaps a direct or indirect heat processing method may have been adopted. Thus, the sardine meal available in the market varies widely in quality, thereby making cross-study comparisons difficult.
It is known that P in fishmeal exists as a form of hydroxyapatite (mainly in the form tricalcium phosphate). Ogino et al. 1 and Satoh et al. 9 have reported that P absorption from tricalcium phosphate was almost 60% when fed to small-sized rainbow trout in a diet containing approximately 8 mg of P/g. In the present study, dietary P content was much higher than that reported previously, 9 thus P absorption might be low, as observed in the study by Riche and Brown 5 wherein an inverse Values expressed in italics were recalculated using the equation employed in the present study.
mance and decreased P in feces, indicating an improvement in the bioavailability of phytate P. 18 Eya and Lovell have also reported that the absorption of P from an all-plant basal diet increased significantly with the addition of fungal phytase. 19 Phosphorus absorption from plant ingredients was lower compared to that absorbed from animal sources, although extrusion cooking at 150∞C improved the availability of P in SBM. Absorption from the two fishmeals decreased slightly as bodyweight increased. Conversely, P absorption from PFM and the plant ingredients was very low in the 2 g rainbow trout, but increased in fish weighing 5 g and 10 g, and then did not increase further in larger fish.
The results generally demonstrate that depending on the feed ingredients, P absorption varies as rainbow trout grows. It is not yet known whether a relationship exists between the activity of digestive enzymes and the availability of P to rainbow trout. Further experiments are necessary to clarify such aspects, which in turn will help to formulate diets that will improve P utilization by fish.
relationship was established with dietary P level. Phosphorus content in the pollock meal diet was higher than that in the sardine meal diet and the levels in both diets were much higher than those reported in previous studies. 11 This could possibly be one of the reasons why P absorption from fishmeal diets was lower than that reported by Ogino et al. 1 A few investigators have noted that dietary acid supplementation effectively improves P absorption from fishmeal by rainbow trout. Vielma and Lall have reported that supplementation with formic acid enhanced the apparent absorption of P in a fishmeal-based diet, 12 whereas Sugiura et al. have achieved this by citric acid supplementation. 13 It is considered that P absorption from fishmeal could be effectively improved, paving a way for a reduction in the level of P supplementation.
The P absorption value obtained for SBM in the present study was very similar to that observed by Yamamoto et al., 6 but was higher than those obtained by other researchers. 3, 7 It is well known that SBM contains approximately 1.4% phytic acid. Ogino et al. have reported that the absorption of P from phytic acid was 19% in rainbow trout. 1 It has also been reported that extrusion cooking degrades phytic acid in feed ingredients to inositol tetra-or pentaphosphate. As phosphoric acid is derived from inositol, these factors account for increased free phosphoric acid in SBM. Satoh et al. have reported that extrusion cooking at 150∞C decreases the amount of phytic acid in SBM from 1.4% to 1.0% and improves the availability of zinc and manganese. 8 In the current study, too, phytic acid content in SBM was found to decrease from 15.2 mg/g to 9.6 mg/g for the reasons cited earlier. Phosphorus absorption from SBM was higher in the extruded meal than from the non-extruded SBM for all fish body sizes. Because phytic acid in SBM seemed to degrade partially into inositol tetra-or pentaphosphates, the amount of free phosphoric acid increased with high cooking temperatures. 8 Hence, it can be inferred that the extrusion cooking broke down phytic acid and dissociated phosphoric acid from phytic acid, in turn improving the availability of P in SBM.
In terms of improving P availability in SPC, some investigators have reported that supplementation or treatment with phytase is effective. Vielma et al. have reported that phytase incorporated at a level of 1500 U/kg in a soy protein-based diet improved P absorption from 41-51% to 66-74% in rainbow trout. 14 Storebakken et al. have also reported that the treatment of SPC with phytase increased P availability to Atlantic salmon from 30% to 49%. 15 In the case of channel catfish, Jackson et al. have reported that phytase supplementation in a soybean meal-based diet increased growth perfor-
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